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到平均粒径为 400 nm 的分布均匀、分散性良好的复合微球。通过 SEM、TEM、FTIR、
XRD、TG 等对其进行了结构表征。其温敏、pH、磁性敏感性能研究结果表明其多重敏
感性能良好。以粒径分析仪检测得出复合微球在水中的 低相转变温度(LCST)为 31 °C。
在不同的 pH 值的缓冲溶液中的 LCST 从 28 °C 变化到 32 °C。磁性测试表明复合微球具
有超顺磁性，在交变磁场中复合微球可升温至 45 °C。 
(3) 使用紫外可见分光光度计考察了 BSA 在复合微球中的吸附效果，通过正交实
验考察温度、pH 变化、BSA 浓度及时间对吸附的影响。结果表明 pH 值对吸附的影响
程度 大，且呈现温敏特征。 佳吸附条件为 t = 4 h，pH = 4.9，T = 20 °C，BSA 初始
浓度 1.0 mg⋅mL-1。通过吸附动力学考察该条件下平衡吸附量 622 mg⋅g-1。吸附平衡浓度


















Multi-sensitive composite microspheres were fabricated via emulsion polymerization  
of Fe3O4, chitosan and N-isopropylacrylamide (NIPAm), then the adsorption of Bovine 
Serum Albumin (BSA) was studied. 
(1) The Fe3O4 nanoparticles were prepared by co-precipitation method and modified by 
oleic acid. Chitosan magnetic microspheres were then prepared by precipitation 
polymerization method. The results demonstrate that the concentration of the precipitant, the 
type of emulsifier and the modification of the iron oxide are the most effective parameters for 
the preparation of the microspheres. The SEM, FTIR and DLS results indicate that the 
microspheres are uniformly distributed and the diameter is about 150 nm. The magnetic test 
shows the microspheres are magnetic sensitive. 
(2) The chitosan magnetic microspheres then were embedded in NIPAm to prepare the 
multi-sensitive composite microspheres via emulsion polymerization. The magnetic, thermo 
and pH sensitive properties of the composite microspheres were investigated. From the 
magnetometer measurements data, the composite microspheres also have superparamagnetic 
property as well as fast magnetic response. The electromagnetically induced heating shows 
that the composite microspheres could be heated up to 45 °C in an alternating electromagnetic 
field. The size of the composite microspheres showed sensitive to pH and temperature. It is 
found that the lower critical solution temperature (LCST) of the composite microspheres is 
29 °C in water, and the LCST changes from 28 °C to 32 °C in pH range from 4.7 to 7.4.  
(3) The composite microspheres were loaded with Brovine serum albumin (BSA) as 
model drug by adsorption.The adsorption conditions such as pH, temperature, concentration 
of BSA were investigated by orthogonal experiment, and the adsorption kinetics was 
discussed. The orthogonal experiments show that the adsoption is pH and thermo sensitive. 
The results show that the quantity of immobilization is over 622 mg⋅g-1. It confirms the 
potential applications of these microspheres for the targeted delivery of drugs. 































































温度 32 °C 后，聚合物 NIPAm 溶液的溶解度突然下降，发生相分离而从水溶液中沉淀
出来，这一特定温度称为 低临界相变温度(LCST)[12]。NIPAm 溶液的透光率随着温度
的升高在 LCST 处出现急剧的下降，溶液由澄清变为浑浊，当温度冷却至 31 °C 时，溶
液回复澄清状态。这是因为在水溶液中，NIPAm 分子中存在两种作用力[13]：  ① 分子中
羰基和亚胺基-NHC 亲水基团与周围水分子的氢键作用力(亲水作用力)；② 分子中的异
丙基-CH(CH3)2 疏水基团间的疏水缔合作用(疏水作用力)。低温时氢键起主要作用，表
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图 1.1 NIPAm 温敏示意图 
 






































磁敏与温敏体系：Ang 等[35]用磁化的 NIPAm-Fe3O4 体系进行癌症的热疗实验，达
到了较好的效果。Shamim 等[36]通过种子聚合制备出用 NIPAm 包裹用巯基丙酸改性的
Fe3O4 的核壳结构，检测得出其双敏性能，并进行蛋白质吸附的测试。汪长春等[37]在前
人的基础上成功地将 Fe3O4/SiO2 纳米粒子包埋在交联的温敏性 NIPAm 中，获得了同时
具有超顺磁性和温敏特性的双功能磁性温敏高分子复合微球。他们认为，这种微球有望
用于药物输送和生物分离等领域。Khan[38]制备了 NIPAm-AAc 包裹的 Fe3O4 复合粒子，
粒径约 100 nm。 
温敏与pH敏感体系：Cai等[39]用辐射聚合通过层层吸附得到了壳聚糖-NIPAm凝胶，
且检测其溶胀性能受环境的影响。Alvarez-Lorenzo 等[40]制备了壳聚糖-NIPAm 的 IPN 半
互穿网络体系并以为模型药物检测了其释药性能。禇良银等 [41]制备了交联结构的 
NIPAm-AAc 凝胶如图 1.2 所示，其溶胀比随反应物配比的不同而不同。Zhang 等[42]制
备了苯乙烯-二甲基氨甲基丙烯酸乙酯(PDMAEMA)结合的温敏与 pH 敏感微球，其敏感
性能如图 1.3 所示，其粒径随着温度与 pH 的变化而发生变化。 
 
 
图 1.2 接枝型 NIPAm-AAc 结构示意图 
 
磁敏与 pH 敏感体系：Wu 等[43]合成了具有 pH 敏感和磁敏感的壳聚糖-Fe3O4-聚丙
烯酸(CS-Fe3O4-PAA)聚合物微球如图 1.4 所示，首先壳聚糖与 Fe3O4 通过电荷吸引产生
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(P2VP-b-PEO and PMAA-b-PEO)聚合物。汪长春等[47]报道了具有温敏、pH 敏感以及光
敏的二氧化硅改性 Fe3O4-NIPAm-碲化镉(Fe3O4-NIPAm-CdTe)复合微球，其结构为分散
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